Introduction {#s1}
============

γ-aminobutyric acid (GABA) is one of the first neurotransmitters to become functional in the developing CNS before functional synapses are formed [@pone.0056901-Represa1]. Neural progenitors in the ventricular zone in the developing cortex express functional GABA~A~ receptors [@pone.0056901-LoTurco1], [@pone.0056901-Owens1]. GABA can affect neurogenesis by modulating the cell proliferation of the neural progenitors in the developing cortex [@pone.0056901-LoTurco1], [@pone.0056901-Haydar1]. GABA~A~ receptors are involved in the regulation of mitotic spindle orientation in the neural progenitors of the neocortical primordium [@pone.0056901-Tochitani1]. GABA activates the GABA~A~ receptors in the neural progenitors in a non-vesicular and non-synaptic fashion [@pone.0056901-Wang1], [@pone.0056901-Demarque1]. One of the possible sources of ambient GABA in the extracellular space in the developing neocortex is the GABAergic interneuron, which migrates tangentially from the subpallium to and within the developing neocortex [@pone.0056901-Represa1], [@pone.0056901-Wonders1], [@pone.0056901-Gao1]. However, there can be the other sources of non-synaptic GABA outside the developing neocortical layers because the neuroepithelial cells and the radial glial cells, both of which are neural progenitors in the developing neocortex, have bipolar morphology with an apical plasma membrane facing the lateral ventricle and a basal process contacting the basal lamina [@pone.0056901-Fietz1]. Recently, there is increasing evidence that the meninges have influence on the proliferative behaviors of neural progenitors in the forebrain through releasing diffusible factors [@pone.0056901-Siegenthaler1], [@pone.0056901-Siegenthaler2]. Epidural delivery of GABA in order to control neocortical seizure can penetrate the meninges to reduce epileptic severity, showing that GABA released from the meninges can be delivered to neural progenitors beyond the basal membrane [@pone.0056901-John1]. There have been also several reports showing that the diffusible factors in the cerebrospinal fluid (CSF), to which the apical domains of neural progenitors in the ventricular zone are exposed throughout neocortical development, influence the proliferation of neural progenitors [@pone.0056901-Huang1]--[@pone.0056901-Lehtinen2]. CSF, most of which is secreted by choroid plexus, contains GABA and other neurotransmitters from the early stages of CNS development [@pone.0056901-Cataltepe1]. Based on these observations, it can be hypothesized that ambient GABA can be released from these two non-neuronal tissues, the meninges and the choroid plexus, to modulate the neurogenesis of the neural progenitors in the developing neocortex. In this study, we examined the presence of GABA and the expression of GABA-synthesizing enzyme, glutamic acid decarboxylase 65 and 67 (GAD65 and GAD67) and a GABA-permeable channel, Bestrophin1 (Best1), in the meninges and the choroid plexus by immunohistochemical methods. The results showed the possibility that the meninges and the choroid plexus can be non-neuronal sources for ambient GABA in the developing brain.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Timed-pregnant ICR mice were purchased from SLC Japan. Embryonic stages were calculated with the day of the vaginal plug detection as embryonic day 0 (E0). All animal manipulations were performed in accordance with the National Institute of Health Guide for the Care and Use of Laboratory animals (NIH Publications No. 80-23) revised 1996 and according to the protocol approved by Animal Care and Use Committee at the University of Tokushima.

Immunohistochemistry {#s2b}
--------------------

Embryos were removed from pregnant mice killed by cervical dislocation. The heads of E12.5 or E13.5 embryos were cut and immersion-perfused in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4) overnight. The E14.5 embryos were perfused transcardially with 0.9% NaCl followed by 4% PFA in 0.1 M PB, and the brains were removed, postfixed overnight by immersion. Cryostat sections (10 µm-thick) were prepared and mounted on MAS-coated slide glasses (Matsunami Glass Ind., Ltd.) after cryoprotection in 20% sucrose in 0.1 M PB and embedding in a solution containing O. C. T. compound (Sakura FineTek) and 20% sucrose in 0.1 M PB in the volume ratio of 2 to 1 before freezing. Sections were boiled in sodium citrate buffer, pH6.0 for 10 minutes (for the staining using anti-GAD65/67 antibody) or 5 minutes (for the staining using the primary antibodies except for anti-GAD65/67 antibody), rinsed in 0.3% Triton X-100 in PBS, blocked in 10% skimmilk (for the staining using the primary antibodies except for anti-GABA antibody) in PBS with 0.1% Triton X-100 (Sigma) and incubated at 4°C with the primary antibodies. The primary antibodies used in this study were as follows: anti-GAD65/67 (goat, Santa Cruz Biotechnology sc-7513, 1∶50), anti-GAD65 (rabbit, Millipore AB5082, 1∶500), anti-GAD67 (mouse IgG, Millipore MAB5406, 1∶500), anti-laminin (rabbit, Sigma L9393, 1∶200), anti-Zic2 (which also partially reacts with Zic1 and Zic3, rabbit, a gift from Dr. Jun Aruga, BSI, RIKEN, 1∶2500), anti-Rdh10 (rabbit, ProteinTech Group, 1∶100), anti-Bestrophin-1 (rabbit, GeneTex GTX14927, 1∶250). Secondary antibodies were obtained from the following sources and used at the indicated dilutions: Alexa 488-conjugated goat anti-mouse IgG (Invitrogen, 1∶1000), Alexa 488-conjugated donkey anti-goat IgG (Invitrogen, 1∶1000), Alexa 488-conjugated donkey anti-rabbit IgG (Invitrogen, 1∶1000), Dylight 488-conjugated donkey anti-guinea pig IgG (Jackson Immunoresearch, 1∶500), Alexa 594-conjugated goat anti-mouse IgG (Invitrogen, 1∶1000), Dylight 594-conjugated donkey anti-rabbit IgG (Abcam, 1∶500), Alexa 594-conjugated goat anti-rabbit IgG (Invitrogen, 1∶1000). Some sections were counterstained with DAPI. For GABA staining, the 10 µm-thick sections fixed with 4% paraformaldehyde were processed using anti-GABA (Guinea pig, Protos Biotech Corporation NT108, 1∶200) consulting the published protocol [@pone.0056901-Haydar1]. The sections were blocked with 10% Normal goat serum in PBS with 0.1% Triton X-100 without being boiled in sodium citrate buffer, incubated at 4°C with the primary antibody, visualized with Dylight 488-conjugated donkey anti-guinea pig IgG (Jackson Immunoresearch, 1∶500) and counterstained with 7-amino-actinomycin D (7-AAD). For bright field observation, the sections were stained using anti-GAD65/67 (goat, Santa Cruz Biotechnology sc-7513) with VECTASTAIN Elite ABC kit (Goat IgG), developed with 0.02% DAB in Tris-buffered saline and 0.001% H~2~O~2~ and counterstained with 0.1% cresyl violet. Immunofluorescent sections were visualized with either Zeiss LSM510 or Nikon A1 confocal laser microscope. Bright-field images were obtained using a Zeiss AxioImager.A1 AX10 equipped with a Nikon digital camera DXM1200F. For negative controls, the same procedure was performed without primary antiserum or antibody. The negative control sections were photographed with the same condition with which the images of the sections stained with the primary antibodies were acquired to confirm that the negative control sections exhibited no apparent fluorescent or DAB staining.

Results {#s3}
=======

We performed immunohistochemical staining using anti-GAD65 and anti-GAD67 antibodies on the mouse E14.5 neocortex. We found that the stable signals for both GAD65 and GAD67 were observed in the meninges lining along with the edge of the developing neocortex, while the developing neurons exhibited moderate signals for both isoforms in the neocortical primordium ([Fig. 1](#pone-0056901-g001){ref-type="fig"}). We confirmed the positive signals in the meninges by observing the sections stained with another antibody recognizing both GAD isoforms, which gave brighter signals in the meninges compared to the antibodies specifically recognizing respective isoforms ([Fig. 2](#pone-0056901-g002){ref-type="fig"}). Double immunolabeling for GAD65/67 and Laminin showed that the expression of GAD65/67 is present right above the basal membrane of the developing meninge ([Fig. 2A](#pone-0056901-g002){ref-type="fig"}). Most of the GAD65/67 positive cells in the meningeal epithelium express Zic protein family members which are expressed by meningeal fibroblasts ([Fig. 2B](#pone-0056901-g002){ref-type="fig"}) [@pone.0056901-Inoue1]. To examine if GABA can be released from these GAD65/67-positive cells in the meninges, we performed the staining using the antibody against GABA. The signals for GABA were found just beneath the meninges ([Fig. 2C](#pone-0056901-g002){ref-type="fig"} arrows). These results suggest the possibility that GABA can be released from the cells in the meninges. Retinoic acid (RA) is known to be released from the cortical meninges, which regulate the production of neurons and intermediate progenitors [@pone.0056901-Siegenthaler1]. Double immunolabeling for GAD65/67 and Rdh10, an enzyme involved in RA-synthesis, showed that both GAD65/67 and Rdh10 are expressed in the neocortical meninges ([Fig. 2D](#pone-0056901-g002){ref-type="fig"}). RA-producing cells appear in a lateral to medial gradient in the developing brain, which correlates with neurogenic gradient, the entire meninges contain RA-producing cells by E14.5 [@pone.0056901-Siegenthaler1]. We next compared the GAD65/67 expression in E12.5 and E14.5 neocortex. By E12.5, in the rostral region of the developing neocortex, GAD65/67-positive cells were present in the lateral and the dorsal regions, although the GAD65/67-positive cells did not reach the dorsal end of neocortex ([Fig. 3](#pone-0056901-g003){ref-type="fig"} upper panels). In the middle region of the E12.5 neocortex, GAD65/67-expressing cells were present in the lateral region but not in the dorsal region. In the mid-caudal region, the GAD65/67-expressing cells did not reach even the lateral end of neocortex. By E14.5, the meninges containing the GAD65/67-expressing cells lapped the entire neocortex ([Fig. 3](#pone-0056901-g003){ref-type="fig"} lower panels). These results suggest that, GAD65/67-expressing cells appear in a manner with rostral to caudal and lateral to dorsal gradient as the RA-producing cells in the meninges develop, which coincides with the gradient of neurogenesis.

![GAD65 and GAD 67 expression in the E14.5 neocortical meninges.\
(A) The images for the section stained with DAPI (blue), anti-GAD65 antibody (red) and anti-GAD67 antibody (green). The stable signals for both isoforms of GAD were found in the meningeal region just above the upper edge of the neocortical primordium (arrows). The developing neurons in the neocortex, in the marginal zone (MZ) and the subplate (SP) also exhibited the faint signals for GAD67 (arrowheads). (B) The images for the negative control section stained without anti-GAD65 (NC for GAD65) and anti-GAD67 (NC for GAD67). Me, meninge, MZ, marginal zone; CP, cortical plate; SP, subplate. Bar, 50 µm.](pone.0056901.g001){#pone-0056901-g001}

![GAD65/67 expression in the meninges and the presence of GABA beneath the meninges.\
(A) Double immunolabeling for GAD65/67 (Green) and Laminin (Red) in the E14.5 neocortical primordium. The signals for GAD65/67 were present along the basal lamina which is laminin-positive (arrow). (B) Double immunostaining for GAD65/67 (green) and pan-Zic proteins (Red) in the E14.5 neocortex. Most of the cells expressing GAD65/67 also express Zic proteins, which are the transcriptional factors working as the markers of the meningeal fibroblasts (arrowheads), although, to be noted, a few GAD65/67-positve cells do not express Zic proteins (arrow). A few Cajal-Retzius cells in the marginal zone (MZ) express Zic proteins (asterisks). (C) Immunostaining for GABA in the upper layers of developing neocortex. GABA signals could be observed at the upper edge of the E14.5 developing neocortex just beneath the meninge (arrows). GABA-containing neurons in the marginal zone and in the subplate are also visualized (several representatives are indicated by arrowheads). The counterstaining by 7-amino-actinomycin D (7-AAD) helps to visualize the contours and the density of the cells in the developing cortical layers. (D) The E14.5 sections stained for GAD65/67 and Rdh10, an RA-synthesizing enzyme. RA is known to be released from the meningeal fibroblasts [@pone.0056901-Siegenthaler1]. The signals for both proteins were present in the meninges (arrows). Me, meninge; MZ, marginal zone; CP, cortical plate; SP, subplate. Bars, 50 µm.](pone.0056901.g002){#pone-0056901-g002}

![GAD65/67-positive cells in the meninges cover the entire developing neocortex by E14.5.\
(Upper panels) E12.5 developing neocortex was stained for GAD65/67 and developed with DAB. By E12.5, in the rostral region of the developing neocortex, GAD65/67-positive cells were present in the dorsal meninges, although the GAD65/67-positive cells did not cover the entire neocortex. In the middle region of the E12.5 neocortex, GAD65/67-expressing cells were present in the lateral region but not the dorsal region of the neocortex. In the mid-caudal region, the GAD65/67-expressing cells did not reach even the lateral end of the neocortex. Arrows in the upper panels indicate the dorsal ends of the distribution of GAD65/67-expressing cells in the meninges at each rostro-caudal position. (lower panels) In E14.5 sections stained for GAD65/67, the GAD65/67-expressing cells cover the entire neocortex at any position along rostro-caudal axis. Because boiling the sections in sodium citrate buffer is needed before staining with anti-GAD65/67 antibody, the sections were injured during the staining process. Bar, 5 mm.](pone.0056901.g003){#pone-0056901-g003}

The cerebrospinal fluid (CSF), which is distributed widely throughout the brain, contains the signals involved in the proliferation of neural progenitors [@pone.0056901-Lehtinen1]. GABA is known to be included in CSF [@pone.0056901-Lee1]. The choroid plexus, which actively generates CSF in the mature brain, starts to develop during E11--E12, except for the choroid plexus in the mesencephalic/third ventricle, which is the last to develop, by E14.5 [@pone.0056901-Lehtinen2]. Then, we examined the expression of GAD-enzymes in the choroid plexus on E12.5, E13.5 and E14.5. Immunostaining revealed that the strong signals for GAD65 were present in the cytoplasm of the epithelial cells of the choroid plexus (CPe cells) throughout the stages examined, whereas the signals for GAD67 were few in the choroid plexus ([Fig. 4 A--C](#pone-0056901-g004){ref-type="fig"}). The expression level of GAD65 in the developing choroid plexus was stable on E12.5, although it appeared to become even higher as the development proceeds. This result is consistent with the expression pattern of GAD65 mRNA reported in the Allen Developing Mouse Brain Atlas ([http:\\\\developingmouse.brain-map.org](http:\\developingmouse.brain-map.org)) which shows that the level of GAD65 mRNA expression in the choroid plexus increases as the development proceeds ([Figure S1](#pone.0056901.s001){ref-type="supplementary-material"}; Lein et al., 2007).The results of immunohistochemical analyses using anti-GABA antibody showed that the numbers and the intensity of the signals for GABA vary among the CPe cells ([Fig. 4D](#pone-0056901-g004){ref-type="fig"}). Some CPe cells showed rather intense signals for GABA in its cytoplasm (arrows in [Fig. 4D](#pone-0056901-g004){ref-type="fig"}). Faint signals were also observed in the cytoplasm of a significant proportion of the CPe cells ([Fig. 4D](#pone-0056901-g004){ref-type="fig"}). These observations totally suggest that the epithelial cells in the choroid plexus start to express GAD65 from the start of its development, which should lead to the release of GABA to the cerebrospinal fluid.

![GAD 65 expression is apparent from the start of the development of the choroid plexus.\
(A--C) The distribution of GAD65 and GAD67 in the choroid plexus on E12.5 (A), E13.5 (B) and E14.5 (C). The signals for GAD65 were observed in the epithelial cells of the choroid plexus throughout the stages examined, whilst few signals for GAD67 were detected in the developing choroid plexus. The signals for GAD65 were stable on E12.5, and the level of expression of GAD65 appeared to become higher as the development proceeds. (D) GABA distribution in the E14.5 choroid plexus. The numbers and the intensity of signals for GABA vary among the epithelial cells of choroid plexus. Some cells in the choroid plexus showed bright signals in its cytoplasm (arrows), while many cells in the epithelium of choroid plexus exhibited faint signals for GABA. CPe, choroid plexus epithelium: CPm, choroid plexus mesenchyme: Bars, 50 µm.](pone.0056901.g004){#pone-0056901-g004}

The observations so far described suggest that GABA can be released by the meninges and by the cells in the choroid plexus. Then, how do the cells in those tissues release GABA? When GABA plays the trophic roles as a diffusible factor to regulate neurogenesis in the developing brain, GABA is released in a non-synaptic, non-vesicular manner [@pone.0056901-Wang1], [@pone.0056901-Demarque1]. The precise mechanism for the regulation of ambient GABA levels in the extracellular space is beginning to be elucidated, and one of the forms of nonvesicular GABA release is GABA permeation into the extracellular space through Bestrophin-1 (Best1) channels [@pone.0056901-Lee2], [@pone.0056901-Brickley1]. Then we examined Best1 expression in the two structures, the meninges and the choroid plexus, immunohistochemically. The results showed that the faint signals for Best1 were almost ubiquitously found in the primordial neocortical structures including the developing meninges (arrows in [Fig. 5A](#pone-0056901-g005){ref-type="fig"}). The cells in the choroid plexus epithelium exhibited strong signals for Best1 ([Fig. 5B](#pone-0056901-g005){ref-type="fig"}). These observations suggest the possibility that one of the mechanisms by which the cells in the meninges and in the choroid plexus release GABA is by way of Best1, a GABA-permeable anion channel, although there would be a difference between the two structures in the extent of the dependence on Best1 in respect to GABA release. The meninges should also have the other unknown mechanisms for the release of GABA.

![Bestropin-1 (Best1), a GABA-permeable channel, is expressed in the meninges and the choroid plexus.\
(A) The faint signals for Best1 were ubiquitously detected in the cells in the E14.5 neocortical structures including GAD65/67-positive meninges. (B) The cells in the choroid plexus epithelium exhibited rather strong signals for Best1 on E14.5. Me, meninge; MZ, marginal zone; CP, cortical plate; SP, subplate, CPe, choroid plexus epithelium: CPm, choroid plexus mesenchyme: Bars, 50 µm.](pone.0056901.g005){#pone-0056901-g005}

Discussion {#s4}
==========

The regulation of cell proliferation and differentiation of the neural progenitors during cortical development depends on the integration of the functions of cell-autonomous intrinsic factors and extrinsic factors. GABA works as a diffusible extrinsic factor that regulates the properties of neural progenitors [@pone.0056901-LoTurco1], [@pone.0056901-Haydar1], [@pone.0056901-Tochitani1]. In this report, we showed histochemical data suggesting that GABA can be released from the meninges to affect the neural progenitors beyond the basal lamina in the developing neocortex. The basal endfeet of neuroepithelial cells and radial glias have contacts with the adjacent dorsal meninges in the developing neocortex. Siegenthaler *et al.* showed that in Foxc1 mutant with defects in meningeal formation, both neuron and intermediate progenitor production is suppressed. They further confirmed that RA is one of the key components of the factors secreted from the meninges [@pone.0056901-Siegenthaler1]. The meninges release a variety of secretable factors in addition to RA, one of which is Cxcl12 that regulates the migration and the positioning of tangentially migrating cells [@pone.0056901-Siegenthaler2]. Therefore it is reasonable to speculate that the meninges manipulate the development of neocortex also via the other diffusible factors including GABA. Our results also suggested the possibility that GABA can be secreted from the choroid plexus into CSF. CSF contains a large and dynamic library of proteins working as cues to instruct neuronal development [@pone.0056901-Lehtinen2]. CSF delivers diffusible factors including IGF1/2, FGF2, RA and BMP to the apical ventricular surface of neural progenitors in the developing cortex [@pone.0056901-Lehtinen2]. It has been well known that CSF contains GABA [@pone.0056901-Cataltepe1]. These totally suggest the possibility that GABA in CSF may work as an extrinsic cue signals to neural progenitors to instruct neurogenesis in the developing neocortex.

Our results showed that the GAD65/67-expressing cells in the meninges appear in a manner with rostral to caudal and lateral to dorsal gradient to completely surround the neocortex by E14.5. Our observation also indicated that the expression of GAD65 in the choroid plexus starts to become apparent from the start of its development on E11--12. The expression level of GAD65 in the choroid plexus becomes even higher as the development of the choroid plexus proceeds. One of the major sources of ambient GABA is the GABAergic tangentially-migrating neurons from the subpallium into the neocortex. The GABAergic migrating neurons start to reach neocortex on E12.5--E13.5 and distribute into more medial and dorsal parts at later stages [@pone.0056901-Tanaka1]. Taking all these into consideration, it is expected that the concentration of ambient GABA in the extracellular space starts to be increased approximately from E12--E13 in the developing neocortex.

Our results suggested that Best1, which works as a channel to conduct GABA into the extracellular space, is present at the meninges and in the epithelial cells in the choroid plexus, although there is a difference between the two regions in the expression levels of Best1. GABA transporter 2 (GAT-2) mediates the uptake of GABA from the extracellular space into the cells [@pone.0056901-Brickley1]. GAT-2 has been reported to be expressed in the glial limitans of the mouse developing cortex [@pone.0056901-Evans1]. GAT-2 is also known to be expressed in the glial limitans of the cortex and the epithelial cells in the choroid plexus in the adult rat brain [@pone.0056901-Conti1]. The mechanism for regulating ambient GABA levels within the extracellular spaces in the brain would involve an interplay between the synaptic vesicular GABA release, the GABA transport by GABA transporters and the non-vesicular GABA release such as GABA permeation through bestrophin channel [@pone.0056901-Brickley1]. Then, ambient GABA levels in the extracellular spaces around the meninges and in CSF in the premature brain before the functional synapses are formed would be determined basically by the summation of the activities of the molecules involved in the transport of GABA across the cell membrane, including Best1 and GAT-2. During brain development, there is a progressive reduction of intracellular chloride anion associated with a shift in GABA polarity: GABA depolarizes the progenitor cells and their progeny immature neurons, subsequently hyperpolarizing the neurons at the later stages of development [@pone.0056901-Wang1], [@pone.0056901-BenAri1]. The early form of GABA signaling dependent on GABA-induced depolarization may affect the proliferation of neural stem cell, regulate the migration of newly generated neurons and provide the excitatory drive for the immature cortical network [@pone.0056901-Wang1]. The precise regulatory machinery for ambient GABA levels in the sub-pial extracellular spaces and in CSF would be the important questions in the future studies. To be noted, astrocytes, which release GABA via Best1 channel, express GABA~A~ receptors and GABA~B~ receptors to respond to GABA by themselves in the mature brain [@pone.0056901-Lee2], [@pone.0056901-Yoon1]. It would be also an interesting question whether the cells in the meninge and the epithelial cells in the choroid plexus can respond to GABA.

Supporting Information {#s5}
======================

###### 

**The expression pattern of GAD65 mRNA in the choroid plexus.** The signals of *in situ* hybridization using antisense RNA probe against GAD65 mRNA were detected in the choroid plexus at various developmental stages (the data from the Allen Developing Mouse Brain Atlas: <http://developingmouse.brain-map.org>). E13.5, embryonic day 13.5; E15.5, embryonic day 15.5; P4, postnatal day 4; P28, postnatal day 28; 18 M, 18 months after birth; CP, choroid plexus. Bar, 200 µm.
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Click here for additional data file.
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